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ABSTRACT: Unit micro-cell models with different architectures were designed to simulate the degradation process and chemical dam-

age behavior of degradable polymers under bulk erosion. The pores in the micro-cell models were introduced to mimic the state of

rapid water diffusion into the polymers under bulk erosion, while three different arrangements of pores were considered to investigate

their effects on the degradation rate of different polymers with the same molecular weight. Different porosity levels were also used to

study the degradation responses of the polymers having different molecular weights. A heat and mass transfer analogy was adopted

to enable the analysis to be run on a general purpose finite element (FE) code. In the present work, a finite element software package

ABAQUS incorporated with a user-defined material subroutine was used to perform the analysis, in which a heat transfer function

was utilized to simulate Fickian mass diffusion for the polymers through analogy. With the proposed method, the effects of chemical

damage on the mechanical properties of the degradable polymers under bulk erosion could be predicted and the predicted trend of

the mass loss of the polymers followed experimental results obtained from the open literature. VC 2012 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

For bone reconstruction, a degradable polymer-based scaffold is

expected to restore the mechanical strength temporarily, and sup-

port and guide new bone tissue ingrowth.1 During the course of

the polymer degradation, the polymer backbone chains are bro-

ken into oligomers and eventually monomers due to hydrolysis.

The extensive degradation of the polymer causes erosion and

mass loss due to the substantial scission of its chains.2–5 Polymers

such as poly(glycolic acid) (PGA) and poly(lactic acid) (PLA) are

usually degraded by bulk erosion due to rapid water uptake fol-

lowed by hydrolysis of the ester bonds,2,6 which leads to a reduc-

tion in their molecular weight. Many models based on diffusion-

reaction equations have been developed mainly to describe the

water-dependent degradation process and mass loss for bulk

eroding polymers,3–5,7 rather than their mechanical strength deg-

radation. A mathematical model combining stochastic hydrolysis

and the diffusion-reaction process has also been developed to

predict the degradation for bulk eroding polymers.8,9

Biodegradable porous polymer structures have several advan-

tages in bone tissue engineering; however, mechanical failure of

a repair often occurs10–12 when degrading polymers transfer

their load-bearing duty to the developing tissue prior to suffi-

cient ingrowth and remodeling. Therefore, it is important to

predict the mechanical property degeneration rate of the

implant, especially the polymer matrix. Although the bulk ero-

sion of polymers has been studied extensively, relatively limited

work13 has been reported on quantitatively investigating the me-

chanical strength degradation of bulk eroding polymers with

respect to time. A method which can predict the gradual degen-

eration of mechanical properties of polymers with different deg-

radation rates is important for the design of degradable struc-

tures for bioapplications.

As the principles of mass transfer and heat transfer are similar,

a heat and mass transfer analogy has been successfully applied

in the prediction of various phenomena, such as mass diffusion

in materials and passive cooling in light water nuclear
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reactors.14,15 Moreover, the finite element method (FEM) has

been applied to simulate the diffusional mass transport and

chemical reaction processes in polymers through this analogy.16

Although commercially available FEM software packages such as

ABAQUS have been widely used for modeling the mechanical

and damage behavior of polymer-based composites and bio-

composites,17–19 the mass transfer subroutine for predicting the

polymer degradation is not always available. In view of this, the

present work was to apply the heat and mass transfer analogy

so that the heat transfer function in the FE software package

could be used to simulate Fickian mass diffusion for the poly-

mers under bulk erosion. Moreover, the application of this anal-

ogy, together with the present finite element cell modeling

approach, could be utilized to predict not only the polymer

degradation but also the effect of degradation on the mechani-

cal properties of the bulk eroding polymers. In the present

work, the degradation process and chemical damage behavior of

degradable polymers under bulk erosion were predicted by

using three different unit micro-cell models in an ABAQUS

finite element code coupled with the heat and mass transfer

analogy. Moreover, it would enable the effects of varying the

porosity levels of the micro-cell models on the degradation

behavior, as well as the effects of the chemical damage on the

mechanical property of the polymers to be predicted.

METHOD AND IMPLEMENTATION

To simulate the degradation process and chemical damage

behavior of degradable polymers under bulk erosion, unit

micro-cell models with three different architectures serving as

the representative volume elements (RVEs) were designed. A

flowchart of the modeling approach is shown in Figure 1. The

three different architectures include a face-centered-cubic

arrangement of spherical pores with corner pores, a regular

packing of cubic pores and a face-centered cubic arrangement

of spherical pores without corner pores, denoted as Model A, B,

C, respectively, as shown in Figure 2(a–c), The pores in Figure

2 were used to show the main void region in the micro-cell

models, and created to mimic the diffusion of water into the

polymer quickly so as to ensure that the degradable polymer

could undergo degradation due to bulk erosion. The different

architectures of the micro-cell models were used to investigate

the degradation rate of different degradable polymers with the

same molecular weight, while different porosity levels, 8.6, 35.2,

60.8, and 85.6%, were also used in the study with different mo-

lecular weight under bulk erosion for 26 weeks.

To simulate the degradation of the polymer, only one-eighth of

the unit micro-cell model for each porosity level was considered

and a periodic boundary condition was applied due to the sym-

metry, such that all the surfaces normal to the x, y, and z axes

except its upper surfaces, were fixed as shown in Figure 2(d). To

ensure a high level of numerical accuracy, the micro-cell models

were discretized into 60,000–80,000 three-dimensional four-

node linear tetrahedron (DC3D4) elements.

The micro-cell models were considered to be immersed in a

water solution with a concentration, cw of 1 g cm�3 at an ambi-

ent temperature of 36.5�C, and the initial solution concentra-

tion in the models was set to zero. For each micro-cell model, a

normal stress of 0.95 MPa, which was about 50% of the tensile

strength of the polymer, was applied onto its upper surfaces

perpendicular to the y-direction to determine the displacement.

Then, the nominal strain of the micro-cell model was calculated

through dividing the determined displacement by the original

cell length. Hence, the Young’s modulus of the micro-cell model

was determined by calculating the ratio of the prescribed nomi-

nal stress to the nominal strain at different time period. Reader

can obtain more details for determining the Young’s modulus

by referring to our previous work.17,19

Heat and Mass Transfer Analogy

The heat conduction of a material is governed by Fourier’s

law,20,21

q ¼ �krh (1)

where y and q are the temperature (K) and the heat flux (W

m�2), respectively; r is the gradient operator; and k is the thermal

conductivity (W m�1 K�1) for fully isotropic thermal diffusion.

Assuming no internal heat generation, the governing equation of

heat transfer yielded by the energy balance may be described as

qcS
@h
@s

þr � q ¼ 0 (2)

where s is the time, q and cS are the density (kg m�3) and the

specific heat (J kg�1 K�1) of the material, respectively.

With the assumption of uniform thermal conductivity, eqs. (1)

and (2) yield the following thermal conduction equation

@h
@s

¼ ar2h (3)

Where r2 is the Laplace operator ( @
2

@x2 þ @2

@y2 þ @2

@z2), a is the ther-

mal diffusivity (m2 s�1) of the material such that a ¼ k
qcS
.

The concentration change of a material in mass diffusion is

governed by Fick’s first law22,23 as

J ¼ �Drc (4)

where c and J express the concentration (kg m�3) and the mass

flux (kg m�2 s�1), respectively; D is the diffusion coefficient

(m2 s�1) of an isotropic diffusion material, such that D is equal

to 4.63 � 10�11cm2 s�1 for degradable polymers in Ref. 24.

Assuming no substance generation, the solution diffusion

yielded by the mass conservation can be calculated with Fick’s

second law,

@c

@s
þr � J ¼ 0 (5)

Combining eqs. (4) and (5) yields the following mass diffusion

equation

@c

@s
¼ Dr2c (6)
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The heat and mass transfer analogy was established by a direct

comparison of eqs. (3) and (6), and the parameters used in the

analogy scheme are summarized in Table I. As eqs. (3) and (6)

were derived on the basis of the assumption of uniform thermal

conduction and mass diffusion, this analogy is valid only when

the diffusion is uniform within the diffusing medium.

Model for Chemical Damage due to Bulk Erosion

In this study, the degradable polymer was assumed to undergo

bulk erosion and degrade due to the chemical reaction of the

polyesters, given by ACOOA þ H2O ! ACOOH þ HOA.25

Therefore, the decreasing rate in the molecular weight of the

polymer, Mw, was simply assumed to be related to the local

water concentration c (0 < c < 1),

dMw

dt
¼ �bc (7)

where the coefficient b was assumed to be 4000 day�1.26

Moreover, the chemical reaction kinetics of ester bonds in

degradable polymers such as PGA and PLA is usually first-order,1

Figure 1. Flowchart of numerical procedure.
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dMw

dt
¼ �kMw (8)

where Mw is the average molecular weight of the polymer and k
is the degradation rate constant of the polymer, which depends

on the pH condition, temperature and drug load, and the value

k ¼ 0.0117 day�1 was taken from the literature.25

When a degradable polymer is subjected to bulk erosion, its aver-

age molecular weight, Mw would decrease. When Mw is lower

than the critical average molecular weight Mcr ¼ 10,000 Da,26

there is a chemical damage in the polymer. By using the value of

Mcr, together with eqs. (7) and (8), the critical water concentra-

tion, ccr for the occurrence of chemical damage in each element

was found to be 0.0293 g cm�3. When the value of c is equal to

or greater than that of ccr, chemical damage of the polymer is

assumed to occur. After the initiation of the chemical damage, the

degraded elements in the finite element micro-cell model of the

polymer are converted into an inactive state and deleted through

an element vanishing technique, incorporated into the developed

user subroutine VUMAT in ABAQUS.27 Moreover, the initial

Young’s modulus and Poisson’s ratio for the bulk eroding polymer

were assumed to be equal to 1570 and 0.39 MPa, respectively.26

RESULTS AND DISCUSSION

Effects of Different Architectures of the Micro-Cell Model on

the Degradation Behavior

The micro-cell models with different architectures and the same

porosity level of 85.6% have been used to simulate the effects of

varying model structure on the degradation behavior of degrad-

able polymers with the same molecular weight under bulk ero-

sion. The simulated results are shown in Figure 3. The micro-cell

models were initially at an intact state as shown in Figure 2(a–c).

Because of a water concentration gradient between the bounda-

ries and the central region of the micro-cell models, water mole-

cules could rapidly diffuse into the models, as shown in Figure

3(ai–ci), but the water concentration in these micro-cell models

did not reach the critical level before the 4th week. Excessive in-

flow of water molecules could lead to polymer chain scission and

consequently a reduction in its molecular weight in three differ-

ent micro-cell models. When any elements in the micro-cell

models reached the critical water concentration, the degraded ele-

ments were removed, leading to the increase in the pore size of

the micro-cell models under bulk erosion [Figure 3(aii–cii)]. For

each of the models, the polymer failure was regarded to occur

when any strut of the model was broken due to an excessive

number of degraded elements after a certain period of degrada-

tion time, as shown in Figure 3(aiii–ciii).

Figure 4 shows the evolution of the percentage of mass loss for

the three different micro-cell models illustrated in Figure 3. It

Figure 2. Micro-cell models with porosity of 85.6%, (a) Model A, (b) Model B, (c) Model C, and (d) loading and boundary conditions of Model A.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Parameters of the Heat and Mass Transfer Analogy Scheme

Heat transfer Mass diffusion

Field variable Temperature, y Concentration, c

Density q 1

Conductivity/diffusivity k D

Specific heat cs 1
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can be observed that the mass of all the cell models remained

almost unchanged up to the 4th week, beyond which there was a

mass loss due to increasing number of degraded elements. In

addition, the failure of model B due to the polymer failure

occurred in the 66th week, which was much later than those of

model A (26th week) and model C (24th week). It is because, for

Figure 3. Degradation processes of the three micro-cell models with porosity of 85.6% in terms of water concentration, (a) Model A, (b) Model B, and

(c) Model C. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the same porosity level, model C with higher surface area facili-

tated the water diffusion, leading to a higher degradation rate

than model B and its earlier polymer failure at the 24th week.

Moreover, from the perspective of the micro-architecture of the

models, models A and C did not have uniform strut thickness

unlike model B. Therefore, the earlier failure of models A and C

could be attributed to the fact that the thinnest regions of these

two models failed much faster than the other regions, where the

critical water concentration was not yet reached.

Effects of Varying Porosity Levels on Degradation Rates

Micro-cell models with varying porosity levels have been used to

simulate the degradation behavior of degradable polymers with

different molecular weight under bulk erosion. The mass loss of

the three different micro-cell models with different porosity lev-

els, and the experimental data of PLGA28 undergoing bulk ero-

sion29 are shown in Figure 5. It can be seen that, for each of the

studied micro-cell models, a higher porosity level and hence a

lower molecular weight resulted in an earlier occurrence of degra-

dation, and a high degradation rate and hence the mass loss rate.

Figure 4. Percentage of mass loss for the three micro-cell models with po-

rosity of 85.6%.

Figure 5. Mass loss versus time for the three micro-cell models with different porosities, (a) Model A, (b) Model B, (c) Model C, and (d) experimental

data from Ref. 28.
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It is because, for the micro-cell model with a higher porosity

level and hence thinner strut, the water concentration in each ele-

ment can more easily reach the critical concentration, which leads

to the earlier initiation of the degradation. The predicted results,

as shown in Figure 5(a–c), follow a similar trend for the experi-

mental data as shown in Figure 5(d), such that the mass loss rate

of the models with a higher porosity level are higher after the ini-

tiation of the polymer degradation.

Effect of Chemical Damage on Mechanical Property

Variations of the strain, Young’s modulus and the damage vari-

able predicted by the three micro-cell models, with porosity of

85.6%, versus time are shown in Figure 6. It can be observed

from Figure 6(a) that the change in strain of models A and C

under the applied loading was generally higher than that of

model B up to the 24th week. The difference in the slope of the

curves became significant beyond the 10th week, leading to a

sharper decrease of Young’s moduli of models A and C after this

time, as shown in Figure 6(b). According to damage mechanics

theory,30 the damage variable, d is defined on the basis of a RVE.

The micro-cell model was chosen as the RVE for defining the

damage variable d in terms of the apparent Young’s modulus of

the polymer due to the chemical damage at the unit cell level

d ¼ 1� E

E0
(9)

where E0 is the initial (undamaged) Young’s modulus of the poly-

mer, while E is the apparent Young’s modulus as a result of the

bulk erosion determined by the micro-cell models. The value of

d against time can be used for representing the damage evolution

of the polymer under bulk erosion. Figure 6(c) shows the damage

evolution of the polymer under bulk erosion predicted by differ-

ent micro-cell models. At the time zero, each model was initially

intact and hence its damage value d was zero until the 4th week,

for all the models. Beyond the 4th week, model A started to initi-

ate chemical damage and hence its damage variable started to

increase. From Figure 6(c), the maximum values of d are 0.71,

0.68, and 0.59 for models A, B and C, respectively, at the

moment of polymer failure. Models A and C show higher dam-

age evolution rates and predict the occurrence of material failure

at a similar time. As model B has a lower damage evolution rate,

material failure does not occur up to the 66th week and the max-

imum d value of model B is less than that of model A.

Discussion on Importance of Simulating the Degradation

The mechanical stiffness and strength are two key factors for scaf-

fold tissue engineering. Adachi et al.1 conducted a finite element

simulation for scaffold degradation and bone tissue regeneration

in a scaffold–bone system. It was demonstrated that the tissue

ingrowth has to match with degradation rate of the scaffold mate-

rial; otherwise the formation of new bone could not have suffi-

cient load-bearing capacity when the scaffold has lost its original

topology and its mechanical function has been transferred to the

bone. Moreover, Chen et al.9 modeled the degradation process

and tissue in-growth through a stochastic hydrolysis degradation

model and a mechano-regulatory tissue regeneration model,

respectively. It was found that a balance between the mechanical

stiffness and the porosity level of the scaffolds is important for

Figure 6. Variation of (a) strain, (b) Young’s modulus, and (c) damage d

of the three micro-cell models with time.
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the load-bearing capacity and permeability of the scaffold–tissue

system. Furthermore, van Tienen et al.31 conducted in vivo tissue

ingrowth and in vitro degradation of a biodegradable porous poly-

mer scaffold for a knee meniscus defect. The scaffold was found

to be unsuitable for the meniscus reconstruction because the tis-

sue ingrowth could not be fully achieved before the initiation of

the polymer degradation and the stiffness of the scaffold was also

inadequate. In all, it is important to have a correct prediction for

the damage rate of degradable polymers for the optimal design of

degradable scaffolds with required mechanical properties to sup-

port tissue ingrowth. In this article, a new predictive approach is

developed based on the micro-cell models and the heat and mass

transfer analogy, by which the degradation behavior of the bulk-

eroding polymers can be simulated. Moreover, the stiffness of the

polymer during the degradation process can also be determined

by the micro-cell model using FEM. With the concept of damage

mechanics, the material damage of the degradable polymer can be

calculated and represented by the damage variable. Therefore, this

work contributes a new approach and provides a method for

designing new polymeric scaffolds with a balance between the

implant degradation and the tissue ingrowth rates.

CONCLUSION

A balance between tissue ingrowth rate and the degradation rate

of polymer scaffolds is important for a successful bone reconstruc-

tion. Otherwise, scaffold failure may occur before the bone tissue

regeneration. In this study, a finite element (FE) approach with a

heat and mass transfer analogy has been developed to predict the

degradation process and chemical damage behavior of degradable

polymers under bulk erosion. Three micro-cell models having dif-

ferent architectures have been effective in simulating the polymers

producing different degradation behavior. Model B was found to

be suitable for modeling the similar-molecular-weight polymers

with a slower degradation rate. The results showed that, after 14

weeks, the mass of the micro-cell models gradually decreased due

to a hydrolyzed effect. The effects of varying the porosity levels on

the degradation behavior of the micro-cell models with three dif-

ferent architectures have also been predicted. The cell models with

lower porosity degraded more slowly than those with higher po-

rosity, and the predicted trend agreed with the experimental results

from the open literature. The micro-cell models are also capable

of predicting the effect of the chemical damage on the mechanical

stiffness of the bulk-eroding polymers, which is important infor-

mation for the design of scaffolds with the required degradation

rate and a mechanical performance to support tissue ingrowth.
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